The use of canonical functions to model BOLD-fMRI data in people post-stroke may lead to inaccurate descriptions of task-related brain activity. The purpose of this study was to determine whether the spatiotemporal profile of hemodynamic responses (HDRs) obtained from stroke survivors during an event-related experiment could be used to develop individualized HDR functions that would enhance BOLD-fMRI signal detection in block experiments. Our long term goal was to use this information to develop individualized HDR functions for stroke survivors that could be used to analyze brain activity associated with locomotor-like movements. We also aimed to examine the reproducibility of HDRs obtained across two scan sessions in order to determine whether data from a single event-related session could be used to analyze block data obtained in subsequent sessions. Results indicate that the spatiotemporal profile of HDRs measured with BOLDfMRI in stroke survivors was not the same as that observed in individuals without stroke. We observed small between-group differences in the rates of rise and decline of HDRs that were more apparent in individuals with cortical as compared to subcortical stroke. There were no differences in the peak or time to peak of HDRs in people with and without stroke. Of interest, differences in HDRs were not as substantial as expected from previous reports and were not large enough to necessitate the use of individualized HDR functions to obtain valid measures of movement-related brain activity. We conclude that all strokes do not affect the spatiotemporal characteristics of HDRs in such a way as to produce inaccurate representations of brain activity as measured by BOLD-fMRI. However, care should be taken to identify individuals whose BOLD-fMRI data may not provide an accurate representation of underlying brain activation when canonical models are used. Examination of HDRs need not be done for each scan session, as our data suggest that the characteristics of HDRs in stroke survivors are reproducible across days.
Introduction
Blood oxygen level-dependent (BOLD) contrast functional magnetic resonance imaging (fMRI) has been used extensively to examine movement-related brain activity in people post-stroke. BOLDfMRI is an indirect measure of brain activity that depends on coupling between neuronal activation and vascular responses triggered by changes in the ratio of oxygenated to deoxygenated hemoglobin [1, 2] . Many studies use canonical functions to model task-related changes in brain activity measured with BOLD-fMRI. This approach assumes normal neurovascular coupling and normal hemodynamic responses (HDRs) to local neuronal activity. However, these assumptions may not be correct for people post-stroke because stroke is a condition affecting cerebral blood vessels. Hence, the appropriate function for modeling HDRs after stroke may differ from the canonical functions used for the normal brain. The use of an inappropriate model may lead to inaccurate descriptions of task-related brain activity.
There is considerable evidence to suggest that the spatiotemporal characteristics of HDRs are abnormal after stroke and that these abnormalities result in inaccurate representations of brain activity as measured by BOLD-fMRI. Several investigators have reported delayed time to peak, decreased amplitude, and prolonged initial dip of HDRs measured from stroke survivors [3] [4] [5] [6] [7] . Others have shown that HDRs in this population were negative instead of positive for the entire duration of task performance [3] [4] [5] [6] [7] [8] or attenuated in amplitude with task repetition [9] . When canonical functions developed for the normal brain were used to model stroke-related HDRs, little or no brain activation was detected with BOLD-fMRI despite normal task performance or unambiguous brain activation measured with magnetoencephalography (MEG) [3, 10, 11] . MEG measures magnetic fields produced by the brain, and it does not rely on vascular adaptations to neuronal activity. Hence, these data suggest that altered HDRs contribute to poor signal detection with BOLD-fMRI. Further support for this idea comes from observations wherein detection of brain activity with BOLD-fMRI was improved after canonical functions were modified to account for stroke-related changes in HDRs [5] .
There are several possible approaches to enhancing the accuracy with which BOLD-fMRI can detect task-related brain activity after stroke. One option is to exclude stroke survivors with known compromise of cerebral blood flow, as abnormalities in HDRs are extensively documented in stroke survivors with cerebral artery occlusive disease [3, 7, 8, 10] and in people without stroke who have complete or partial occlusion of cerebral vasculature [11] [12] [13] [14] . A disadvantage of this approach is a smaller pool of stroke survivors from which to sample. Moreover, changes in the spatiotemporal profile of HDRs have also been observed in survivors of hemorrhagic and thromboembolic stroke [6] and strokes with no demonstrable cerebrovascular occlusion [4, 5, 7, 9] . These data suggest that changes in the vascular physiology that lead to stroke as well as those that result from stroke may contribute to abnormal HDRs (reviewed in [15] ). Hence, the exclusion of stroke survivors with known compromise of cerebral blood flow may be inadequate for avoiding misinterpretation of BOLD-fMRI data.
Another possible solution is to analyze BOLD-fMRI data with techniques, such as deconvolution, that make no a priori assumptions about the spatiotemporal characteristics of HDRs. This approach is typically done in the context of event-related experimental designs that examine brief tasks with a clear start and end point. To address this issue for block designs, one might examine the spatiotemporal characteristics of HDRs during event-related experiments and to use this information to develop individualized functions to model the HDRs obtained during block designs. To our knowledge, this approach has not been attempted previously, and it is the focus of the present investigation. However, even this approach has practical limitations because it requires additional scanning time which could become problematic, particularly if an event-related protocol had to be added to every experimental session involving a block paradigm.
The purpose of this study was to determine whether the spatiotemporal characteristics of HDRs obtained from stroke survivors during an event-related paradigm could be used to develop individualized HDR functions that could be used to enhance BOLD-fMRI signal detection in block experiments. Our long term goal was to use this information to develop individualized HDR functions for stroke survivors that could be used to analyze brain activity associated with locomotor-like movements of the lower limbs. However, because locomotion is a continuous behavior, there is no event-related task from which to obtain the spatiotemporal profile of HDRs. Therefore, subjects performed foot tapping or knee flexion and extension, which are lower limb tasks that can be done in a continuous and discrete fashion. We obtained the spatiotemporal profile of HDRs from eventrelated lower limb movements and used this information to create individualized HDR functions for block data. Comparison was made between brain activations obtained when block data were processed with a normal canonical function and with individualized functions. We hypothesized that the spatiotemporal profile of HDRs measured from stroke survivors would be abnormal, resulting in poor detection of accessed by following the link in the citation at the bottom of the page.
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movement-related brain activity with BOLD-fMRI when a normal canonical HDR function was used. We further predicted that detection of brain activity with BOLD-fMRI would be enhanced when individualized models were used. Finally, we examined the reproducibility of HDRs obtained across two scan sessions. We reasoned that, if the results were reproducible, then data from a single event-related session could be used to analyze block data obtained in subsequent sessions, which would eliminate the need to lengthen every scan session to include an event-related experiment.
Material and methods

Methods common to all experiments
Three experiments were performed. In this section, we present methods common to all experiments. Subsequent sections are devoted to methods unique to each experiment.
Subject preparation and set-up
All subjects gave written informed consent according to the Declaration of Helsinki and institutional guidelines at Marquette University and the Medical College of Wisconsin. Prior to participating, all subjects underwent MRI safety screening to ensure that they were not claustrophobic or pregnant and that they were free of implants or foreign bodies incompatible with MRI. Before fMRI scans, subjects participated in a familiarization session outside the MRI environment where we explained the experimental procedures and allowed them to practice the desired tasks until we were confident that they were capable of doing them correctly. During practice sessions we also explained the importance of remaining still during fMRI and encouraged subjects to keep their head and trunk stationary during all the movement tasks.
During fMRI scanning, subjects lay supine on the bed of a 3 TMRI scanner (General Electric Healthcare, Milwaukee, WI). The subject's head was placed in a single channel transmit/receive split head coil assembly (General Electric Healthcare model 2376114).To minimize movement, the head was enveloped by a beaded vacuum accessed by following the link in the citation at the bottom of the page.
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pillow. Straps were also used to control head and trunk movement. Each subject wore MRI compatible earphones (model SRM 212, Stax Ltd, Japan) through which audio cues were delivered. An additional set of headphones was used to protect against scanner noise.
The legs were positioned over a foam bolster such that the hip and knees were flexed and the feet were approximately 15 cm above the surface of the scanner table. A circular plastic button (6.35 cm diameter) connected to a switch (Jelly Bean Twist Top Switch, AbleNet, Inc., Roseville, MN) was placed under the foot and was used to record lower limb movements. Each time the button was depressed a pulse was generated. These data were used to calculate movement rate and to ensure that subjects produced desired movements at appropriate times.
During each experiment, subjects' performance was visually monitored. We had access to real time information about head position. If the subject did not perform the task as instructed or if their head moved more than 2 mm, we checked the subject for comfort, repeated the instructions to remain still, and restarted the run. Efforts to minimize head movement during scans were successful, as head movement did not exceed 1.48 mm for control subjects and 0.35 mm for stroke subjects. A squeeze ball was placed near the subject's hands and could be used at any time to signal a problem. Participants were monitored for safety and comfort and were able to communicate via intercom with the scanner technician throughout the session.
Imaging parameters
Functional images (T2*-weighted) were acquired using gradientecho echoplanar imaging (repetition time (TR): 2000 ms, echo time (TE): 25 ms, flip angle: 77°, NEX: 1, 36 contiguous slices in the sagittal plane, 64×64 matrix, 4 mm slice thickness, and field of view (FOV): 240 mm). The resolution of the images was 3.75×3.75×4 mm. Anatomical images (T1-weighted) were obtained approximately half way through the scan session using a spoiled GRASS pulse sequence (TR: 9.6 ms, TE: 39 ms, flip angle: 12°, 256×244 matrix, resolution: 1 mm 3 , FOV: 240 mm, 148 slices in the sagittal plane, NEX: 1). accessed by following the link in the citation at the bottom of the page. Thirteen individuals with chronic post-stroke hemiparesis (ST) (9 females, mean ± SD age 54.8 ± 12.8 years) and 9 age-matched control (C) subjects (6 females, mean ± SD age 54.3 ± 13.5 years) participated. ST participants had sustained a subcortical or cortical stroke at least 1.1 years prior to testing, and the mean ± SD time since stroke was 12.26 ± 13.1 years (See Table 1 ). There were 6 subjects with right and 6 subjects with left hemiparesis. One subject had stroke-related movement impairments on both sides. The mechanism of stroke was recorded from the medical record. Eight subjects had ischemic stroke. Of these eight, two had cerebrovascular occlusive disease at the time of stroke. Both had subsequently undergone carotid artery angioplasty. Four subjects had hemorrhagic stroke. In one subject, whose stroke occurred in infancy, we were unable to identify the cause. Individuals with stroke were divided into two groups according to lesion location: subcortical (STsc) and cortical (STc). The STsc group (n = 7) had brain injuries that involved the internal capsule, corona radiata, basal ganglia, or thalamus. Individuals in the STc group (n = 6) had injuries affecting one or more of the subcortical structures listed above, and they also had injuries involving a portion of the cerebral cortex outside of the leg area of the primary sensory and motor cortices (See Fig. 1 ). Control subjects had no signs or history of stroke or other neurological impairment. 
Magnetic
Experimental protocol
Subjects were asked to tap one foot at a time on the button at a comfortable rate by dorsiflexing and plantarflexing the ankle. The left and right limbs were examined. A static tone indicated when to tap, and silence indicated rest. Knee flexion and extension was allowed in stroke participants (n = 7) who could not perform ankle movements.
An event-related design consisting of 3 runs was utilized. A single run included 20 moving events and 74 resting events, 2 s per event, presented in random order. Four additional acquisitions were made at the start of each run to account for unsteady state magnetization. Total scan time per run was 3 min and 16 s. This task was assumed to produce a brief burst of neuronal activity within the sensorimotor cortex (SMC). This design was created by AFNI subroutine functions RSFgen and 3dDeconvolve with the -nodata option. RSFgen was used to generate the randomized event-related model for a given HDR duration and number of input stimuli. 3dDeconvolve with the -nodata option allowed us to evaluate the experimental design generated by RSFgen with respect to how well the HDR could be estimated without measured data. accessed by following the link in the citation at the bottom of the page.
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Derivation of hemodynamic responses
Dicom files containing fMRI signals were converted into 3-dimensional images. Individual voxels were aligned to the same temporal origin within each TR. The first 4 TRs within each run were removed to eliminate non-steady state magnetization artifact. Multiple runs were concatenated and registered to the functional scan obtained closest in time to the anatomical scan. The measured time-series fMRI data were deconvolved with the input stimulus function to derive voxel-wise estimates of HDRs. This deconvolution was performed using the AFNI 3dDeconvolve function with maximum time lag of 15 TRs and 94 TRs for the fMRI response time series of a voxel (1 TR = 2 s). In the AFNI 3dDeconvolve function, the fMRI signal response is modeled as the sum of a baseline (e.g., a constant + linear trend) + the HDR convolved with the input stimulus + measurement noise as described by Ward [16] . Multiple linear regression with least-squares minimization was used to determine the HDR model parameters. Separate baseline estimates were made for each run. Estimated HDRs comprised 16 points, representing the response from 0 to 30 s after stimulus onset.
To identify voxels containing BOLD signals associated with the movement task, general linear modeling was performed using voxelwise HDRs with head position as a variable of no interest. To identify significantly active voxels at a familywise error rate of P < 0.05, we used Monte Carlo simulation (AlphaSim) to set an appropriate cluster size for a given individual voxel P-value. Percent signal change was calculated as the change in amplitude of the BOLD signal from baseline. Significantly correlated voxels outside of the brain and negatively correlated voxels were ignored. Any voxels with percent signal change >10 were also ignored, as these large changes were likely due to edge effects.
For each subject, estimates of HDRs were obtained from the SMC contralateral to and ipsilateral to the moving limb. Because we tested the right and left limbs, a total of 4 HDRs were obtained. Each estimate was the average of the HDRs across all active voxels in the SMC, which included primary motor cortex (M1), primary sensory cortex (S1), and Brodmann's area 6. The anatomical boundaries for the SMC were defined from the T1-weighted images as previously described [17] . In the axial plane, the SMC extended anteriorly from the postcentral sulcus to cover approximately the posterior half of the superior frontal gyrus, and from the medial border of each hemisphere spanning laterally over the dorsolateral frontal lobe. In the sagittal plane, the SMC was bordered inferiorly by the cingulate sulcus, extending superiorly to the top of the hemisphere. Each subject's data were analyzed individually in its original coordinate system to avoid distortion arising from transformation to a standardized coordinate system.
Data analysis and statistics
Peak amplitude (PEAK), time to peak amplitude (TTP), and rate of change of amplitude (W) were measured from each estimated HDR for each subject. PEAK was defined as the maximum value of the HDR. TTP was defined as the length of time from the movement cue to PEAK. W was defined as the change in amplitude of the normalized HDR per TR, where normalization was accomplished by dividing the HDR by its amplitude at 6 s after stimulus onset. W was calculated for each of six different TRs beginning with the second TR after stimulus onset (W1: 2-4 s W2: 4-6 s, W3: 6-8 s, W4: 8-10 s, W5: 10-12 s, W6: 12-14 s). The rising portion of the HDR was represented in W1 and W2, and the declining portion was represented by W3-W6. See Fig. 2A . Multivariate analysis of variance (MANOVA) with repeated measures of the dependent variables was used to determine whether the estimates of the HDR in the C group were affected by moving limb (left versus right) or active hemisphere (ipsi-versus contralateral). No significant effect was identified (P = 0.350). Subsequently, we took the average across the four HDRs for each subject for each variable.
To test whether the HDRs recorded from the ST group were different from C, differences between each ST data point and the mean of the C group were calculated for each variable. These computations were completed for STsc and STc groups and for the entire sample of stroke survivors (STtot). MANOVA with repeated measures of the dependent variables was used to identify significant differences between each ST group and the C group and any interaction effects between the STc and STsc groups.
To understand the effect of active hemisphere, we split the data within each ST group into the HDRs associated with the undamaged and damaged hemispheres, regardless of moving limb. To understand the effect of the moving limb on the HDRs, we regrouped the data into the HDRs associated with the non-paretic and paretic limb movement, regardless of the active hemisphere. MANOVA with repeated measures of the dependent variables was used to identify differences between the undamaged and damaged hemispheres and differences between paretic and non-paretic limb movement.
We computed each subject's average movement rate across all trials and their average delay-to-stop moving. The latter was defined as the amount of time spent performing the movement task after the audio cue ended. Pearson correlation coefficients were calculated to examine the association between the characteristics of the HDRs and task performance. permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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Experiment 2: Canonical versus individualized hemodynamic response functions 2.3.1. Subjects
Six individuals with STc (4 females; age 56.3 ± 6 years) and 9 age-matched C subjects (6 females; age 54.3 ± 13.5 years), all of whom completed Experiment 1, participated. Only individuals with STc were examined here because the spatiotemporal profile of HDRs obtained from this subset of ST survivors was different from C.
Preparation, set-up, and experimental protocol
The experimental set-up and protocol were the same as in Experiment 1, except that we utilized a block design instead of an event-related design. The task comprised a single run of an ABABABABABABA pattern, where A represented a 16 s block of rest and B represented a 16 s block of movement. During the movement blocks, subjects were asked to tap their foot at a comfortable pace. Subjects who performed knee flexion and extension (n = 3) in Experiment 1 were allowed to perform the same movement here. A static tone indicated when to move; silence indicated rest. The left and right legs were examined separately.
Derivation of individualized hemodynamic response functions, data analysis, and statistics
To derive an individualized HDR function for each subject, the four different HDRs obtained for each subject in Experiment 1 were averaged, resulting in a single HDR for each subject. We then convolved each subject's average HDR with the block function used in this experiment. The result was an individualized HDR function for each subject.
To identify voxels containing movement-related brain activity, each subject's individualized HDR function was fit with the measured BOLD signal. Head position was used as a variable of no interest. As described previously [18] , only the portion of the BOLD time-series after movement stopped was used. To compare detection power with accessed by following the link in the citation at the bottom of the page.
14 the normal canonical model, identical analysis with a canonical HDR function was performed.
The volume (VOL), intensity, and center of activation were used to assess detection power. For each subject, each variable was computed from bilateral SMC which was an area where we observed consistent activity across subjects. VOL was defined as the number of significantly active voxels in the SMC multiplied by voxel volume in microliters (µL). Intensity of activation was defined as the average percent signal change from baseline in the active portion of the SMC. Center of activation for activated clusters was reported as x, y, and z coordinates in original space.
MANOVA with repeated measures of VOL, intensity, and x, y, z coordinates of center of activation was used to compare canonical and individualized HDR functions with respect to signal detection power. This procedure was completed for left and right limb movement.
Experiment 3: Reproducibility
Eleven ST (7 females; age 53 ± 13.2 years, 5 STc, 6 STsc) and 9 age-matched C (6 females, age 54.3 ± 13.5 years) subjects who participated in Experiment 1 repeated the procedures from that experiment for the purpose of examining the reproducibility of the spatiotemporal characteristics of HDRs. The time elapsed between the first and the second session was 33.17 days (±66.85) and 9.33 days (±6.0) in the ST and C groups, respectively. The experimental set-up, protocol, data analysis and statistics were identical to Experiment 1. MANOVA with repeated measures of the dependent variables was used to identify between-day differences in PEAK, TTP, and W.
Results
Experiment 1: Hemodynamic responses stroke versus control
Contrary to expectations, there was no difference between the C and STtot groups with respect to the PEAK or TTP of the HDR. There was also no difference between these groups for rate of rise of the accessed by following the link in the citation at the bottom of the page.
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HDR as represented by W1 and W2. The only differences in the HDR between the STtot and C groups occurred in the declining phase of the response where the initial portion of the decline (W3) occurred more gradually and the late portion of the decline (W5) happened more rapidly in the STtot as compared to the C group. See Fig. 2A and B for graphical representation and Table 2 for group means (±SD) and Pvalues. 0.898 C = control subjects, STtot = all stroke subjects, STc = subjects with cortical stroke, STsc = subjects with subcortical stroke. Significant between-group differences (P < 0.05) are represented in bold.
The spatiotemporal characteristics of HDRs were affected by stroke location. When we split the STtot group into STsc and STc, we found that the STc group had a slower rate of rise in W1, a slower rate of decline in W3, and a faster rate of decline in W5-W6, as compared to the C group. In contrast, we found that the STsc group was not significantly different from the C group with respect to any characteristics of the HDR. However, repeated MANOVA revealed no interaction between the STsc and STc groups. This observation suggests that that both ST groups were different from the C group in a similar fashion but that a cortical stroke may cause a more distinctive change in the HDR as compared to a subcortical stroke (See Fig. 2 C,  D , and E and Table 2 ).
The spatiotemporal profile of the HDR was not affected by active hemisphere (undamaged versus damaged, P = 0.208)nor by the limb that was moving (non-paretic versus paretic, P = 0.478) (See Fig. 3 ). It is possible that differences between the ST and C groups resulted from differences in task performance. Indeed, the STtot group moved at a slower rate than the C group (C = 1.92±0.6 Hz, STtot = 1.57± 0.4 Hz, P = 0.009), and within the STtot group, the paretic limb moved more slowly than the non-paretic limb (non-paretic = 1.69± 0.4 Hz, paretic = 1.42±0.4 Hz, P = 0.007). Delay-to-stop moving in the STtot group was not different from the C group (C = 0.66±0.3 s, STtot = 0.76±0.4 s, P = 0.405), but in the STtot group, the paretic leg took longer to stop moving compared to the non-paretic leg (nonparetic =0.63±0.4 s, paretic = 0.91±0.3 s, P = 0.009). However, there was no significant correlation between movement rate and rate of rise in W1 (R = 0.208, P = 0.693). There was also no significant correlation between delay-to-stop and rate of decline in W3, W5, or W6 (R = 0.228, P = 0.664 for W3; R = −0.275, P = 0.597 for W5; R = 0.273,P = 0.600 for W6).
Experiment 2: Canonical versus individualized hemodynamic response functions
The HDR function used to fit the data (canonical versus individualized) had no effect on signal detection in the C or STc group. As shown in Fig. 4 , there were no visually apparent differences between methods with respect to the size, shape, or location of brain activity observed in the SMC. Indeed, MANOVA results showed that there was no significant difference between methods with respect to VOL, intensity, or x, y, z coordinates of brain activity in the SMC. This observation was consistent for left and right limb movement in C subjects as well as paretic and non-paretic limb movement in the STc group (P = 0.128 for ST non-paretic, P = 0.277 for ST paretic, 0.623 for C left, 0.072 for C right) (See Fig. 5) . As shown in Fig. 6 , the spatiotemporal profiles of the HDRs recorded from ST and C subjects were repeatable across days. MANOVA with repeated measures revealed no between-day difference in the VOL, intensity, or x, y, z coordinates of brain activity during movement (P = 0.811 for C, P = 0.250 for STtot, P = 0.718 for STc, and P = 0.491 for STsc) (See Table 3 for mean (±SD) and P-values). 
Discussion
Consistent with our hypothesis, this study showed that the spatiotemporal profile of HDRs measured with BOLD-fMRI in stroke survivors was not the same as that observed in individuals without stroke. However, these differences were not as substantial as expected from previous reports and were not large enough to necessitate the accessed by following the link in the citation at the bottom of the page.
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use of individualized HDR functions to obtain valid measures of movement-related brain activity. Specifically, we observed small between-group differences in the rates of rise and decline of HDRs that were more apparent in individuals with cortical as compared to subcortical stroke. There were no differences in the PEAK or TTP of HDRs in people with and without stroke. We conclude that all strokes do not affect the spatiotemporal characteristics of HDRs in such a way as to produce inaccurate representations of brain activity as measured by BOLD-fMRI. Nevertheless, care should be taken to identify individuals whose BOLD-fMRI data may not provide an accurate representation of underlying brain activation when canonical models are used for data processing. One approach for identifying these individuals is to use an event-related paradigm and deconvolution algorithms to examine the spatiotemporal characteristics of HDRs, as we did here. Examination of HDRs need not be done for each scan session, as our data suggest that the characteristics of HDRs in stroke survivors are reproducible across days.
Similarities in HDRs in people with and without stroke
The most striking finding of this study was the absence of major changes in the spatiotemporal profile of HDRs in people post-stroke that interfered with detection of task-related brain activity as measured with BOLD-fMRI. This observation is different from other studies reporting poor detection of brain activity with BOLD-fMRI when data were processed with canonical HDR functions developed for the normal brain [9] [10] [11] 14] . Impaired detection of task-related brain activity with BOLD-fMRI in people post-stroke has been attributed to abnormal spatiotemporal characteristics of HDRs [10, 11, 14] . Indeed, previous studies have reported markedly abnormal HDRs in stroke survivors that were characterized by delayed TTP, decreased PEAK, prolonged initial dip, and completely negative responses [3] [4] [5] [6] [7] [8] [9] . These abnormalities have been attributed to changes in neurovascular coupling which is the process by which neural activity triggers blood flow changes that decrease the ratio of deoxygenated to oxygenated hemoglobin in local vasculature. These processes result in an increase in the BOLD-fMRI signal. Hence, our observations suggest that the stroke survivors examined here had more normal neurovascular accessed by following the link in the citation at the bottom of the page.
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coupling than many stroke survivors examined previously and that stroke is not always associated with impaired neurovascular coupling that leads to poor detection of brain activity with BOLD-fMRI.
Abnormal neurovascular coupling post-stroke has been attributed to poor cerebrovascular autoregulation caused by cerebrovascular occlusive disease. Unlike the present study, many previous studies have examined HDRs in individuals with cerebrovascular occlusive disease characterized by high grade stenosis or occlusion of the internal carotid or middle cerebral arteries [3, 5, 7, [10] [11] [12] 14] . In these studies, impaired autoregulation of cerebral vasculature can explain the observed changes in the spatiotemporal profile of HDRs and subsequent poor detection of brain activity with BOLD-fMRI. Autoregulation is the process whereby cerebral blood vessels alter blood flow by altering vessel diameter. In the presence of cerebrovascular occlusive disease, the brain is in a state of chronic hypoperfusion resulting in compensatory vasodilation. Autoregulation to task-related neural activity may be diminished because cerebral blood vessels are already maximally dilated. Moreover, even if cerebral blood vessels are not maximally dilated, their response to neural activity may be sluggish because of structural changes affecting the elasticity of vessel walls such as thickening of the basement membrane, thinning of the endothelium, or plaque formation [15] . Further support for impaired autoregulation as an explanation for abnormal HDRs comes from studies demonstrating that stroke survivors with abnormal vasomotor reactivity were more likely that those with normal vasomotor reactivity to have abnormal HDRs [10] . Similar results have been observed in individuals with cerebrovascular occlusive disease who have not experienced a stroke [12] [13] [14] , which further suggests that cerebrovascular occlusive disease is an important contributor to abnormal HDRs.
Unlike many existing publications on HDRs post-stroke, the subjects in the present study displayed scant evidence of cerebrovascular occlusive disease. This observation likely explains differences between our results and those reported previously. As shown in Table 1 , four subjects had hemorrhagic strokes that were caused by arterial venous malformation or internal carotid artery dissection. Eight subjects experienced ischemic strokes. Of those eight, two had significant cerebrovascular stenosis at the time of 
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stroke. Both of these subjects had subsequently undergone carotid artery angioplasty to improve cerebral perfusion. In the remaining subjects with ischemic stroke, cerebrovascular stenosis ranged from zero to <50% occlusion. Significant occlusion is typically defined as ≥70% occlusion. We were unable to identify the cause of stroke in 1 subject, but it occurred in infancy, and the subject was only 21 years of age when we studied her. Thus, it seems unlikely that she had cerebrovascular occlusive disease. Hence, we conclude that the absence of substantial changes in HDRs that affect signal detection in the subjects examined here can be explained by the absence of cerebrovascular occlusive disease and normal autoregulation.
Differences in HDRs in people with and without stroke
Having ruled out cerebrovascular occlusive disease as an important contributor to the spatiotemporal characteristics of the HDRs observed here, tissue damage caused by stroke is a plausible explanation for between-group differences. Bonakdapur et al. [6] reported altered HDRs post-stroke in the absence of significant cerebrovascular stenosis. This group reported that abnormal HDRs in stroke survivors were observed predominantly in damaged regions of the brain. They suggested that lesion-related damage to the vascular bed supplying the cortex may have caused these changes. Of interest, there was one subject (also free of cerebrovascular occlusive disease) who had abnormal HDRs on the damaged and intact sides of the brain. This individual had the most extensive stroke-related brain damage of all the subjects examined, and he had a closed head injury prior to a stroke. In light of this observation, Bonakdapur's group suggested that the extensiveness of his brain injury may have resulted in extensive and diffuse damage to the vascular bed. In turn, this damage may have led to abnormal neurovascular coupling and abnormal HDRs across the entire brain.
Lesion-induced changes in the vascular bed may also explain why the HDRs seen here differed with lesion location (cortical versus subcortical). If brain damage disrupts the vascular bed and changes neurovascular coupling, then one can reason that the more extensive the tissue damage, the more abnormal the HDR. The STc subjects accessed by following the link in the citation at the bottom of the page.
25
tested in the present study had more extensive brain damage than subjects in the STsc group. The STc group also showed more distinctive changes in the HDR as compared to the STsc group. Consistent with the observations of Bonakdapur et al., vascular bed damage may account for these changes. In subcortical stroke, vascular changes in the brain may be distant from the gray matter where the BOLD-fMRI signal is recorded. Consequently, these changes may have only a minimal effect on the signal. This conclusion is further supported by literature suggesting that altered HDRs are not observed in diaschesis [19] , which is a condition characterized by loss of function in a portion of the brain that is distant from the lesion.
Behavioral explanations for between-group differences are unlikely. Indeed, the ST group moved more slowly than the C group. However, slow movement would likely be associated with a lower than normal PEAK because the amplitude of HDRs increases with movement rate [20, 21] . Here, we saw larger values for PEAK in the ST group as compared to C. It is also unlikely that behavior explains the slower rate of decline in the ST group as compared to C, as stroke survivors did not have a longer delay-to-stop moving than C subjects.
Canonical versus individualized models
Contrary to our prediction, detection of brain activity with BOLDfMRI was not enhanced when individualized models of HDRs were used in place of normal canonical functions. This result differs from previous observations [6, 7, 9] but is not surprising in light of knowledge that the spatiotemporal profile of HDRs was not dramatically different in the stroke and control subjects examined here. These data suggest that the use of a normal canonical model is appropriate for processing movement-related brain activity in people with stroke, provided that changes in the characteristics of HDRs are within the range of values observed here. This conclusion is not in conflict with prior reports of enhanced sensitivity of BOLD-fMRI with individualized models where substantial changes in the characteristics of HDRs were observed. Indeed, there is likely a threshold beyond which canonical functions do not accurately model HDRs in people post-stroke. Unfortunately, we cannot determine when individualized models become necessary because there was a limited range of variability in the characteristics accessed by following the link in the citation at the bottom of the page.
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of the HDRs observed here, and no subject's functional brain activity was substantially changed by the individualized model. Future studies should make an effort to identify individuals with a variety of altered HDRs to determine under what circumstances individualized models are needed. Meanwhile, the prudent investigator should use caution in applying canonical functions to BOLD-fMRI data recorded from stroke survivors with cerebrovascular occlusive disease, as the literature has repeatedly shown abnormal HDRs in this population. Moreover, even in the absence of significant cerebrovascular occlusive disease, investigators should examine the spatiotemporal profile of HDRs recorded from stroke survivors to confirm that changes are qualitatively and quantitatively similar to those observed here before applying a canonical function.
Also because HDRs were not dramatically different between stroke and control subjects, this study unable to assess the effectiveness of individualized models for enhancing BOLD-fMRI signal detection in stroke survivors with abnormal HDRs. We consider that the similarity of results obtained from the canonical and individualized approaches was due to the lack of substantial changes in the HDRs recorded from stroke survivors. We still do not know whether our approach, whereby the characteristics of HDRs derived from an eventrelated task were used to create a function for modeling block data, enhances BOLD-fMRI signal detection. Additional studies that identify stroke survivors with abnormal HDRs are needed to examine the usefulness of this approach.
Reproducibility
Our data suggest that examination of the spatiotemporal profile of HDRs need not be done for each scan session, as our data demonstrate that the characteristics of HDRs in stroke survivors are reproducible across days. One other study has demonstrated reproducibility of HDRs across days in control subjects [22] , but to our knowledge, this is the first of such demonstrations in stroke survivors. This observation has practical utility because it suggests that an eventrelated protocol to examine the spatiotemporal characteristics of HDRs need not be added each time an fMRI study is completed. Instead, the results of a single experiment can be applied for subsequent experiments provided that the two sessions are within approximately one month of each other and stroke survivors are in the chronic stage of recovery. However, the reproducibility of the HDRs across days in acute and sub-acute stroke survivors may not be as robust, because vascular events associated with acute stroke and the early stages of recovery cause transient changes in neurovascular coupling [15] .
Conclusion
This paper demonstrates that, in the context of a block design fMRI experiment, canonical models developed for the normal brain can be as effective as individualized models for accurate representation of task-related brain activity in stroke survivors. This finding can be attributed to the absence of dramatic abnormalities in the spatiotemporal profiles of the HDRs in stroke survivors without cerebrovascular occlusive disease. However, before applying canonical functions to stroke data, one should verify that HDRs in the sample of interest are no more abnormal that those seen here. Examination of HDRs need not be performed on the same day as the block design, as the spatiotemporal profile of HDRs is reproducible across days. 
